Using laser-based mechanical impedance (LMI) measurement, this study proposes a damage detection technique that enables structural health monitoring of pipelines under the high temperature and radioactive environments of nuclear power plants (NPPs). The applications of conventional electromechanical impedance (EMI) based techniques to NPPs have been limited, mainly due to the contact nature of piezoelectric transducers, which cannot survive under the high temperature and high radiation environments of NPPs. The proposed LMI measurement technique aims to tackle the limitations of the EMI techniques by utilizing noncontact laser beams for both ultrasound generation and sensing. An Nd:Yag pulse laser is used for ultrasound generation, and a laser Doppler vibrometer is employed for the measurement of the corresponding ultrasound responses. For the monitoring of pipes covered by insulation layers, this study utilizes optical fibers to guide the laser beams to specific target locations. Then, an outlier analysis is adopted for autonomous damage diagnosis. Validation of the proposed LMI technique is carried out on a carbon steel pipe elbow under varying temperatures. A corrosion defect chemically engraved in the specimen is successfully detected.
Introduction
Nuclear power plants (NPPs) have long been considered to be one of the safest and secure sources of electricity that can cope with the fast-growing power demands. However, it has been reported that many of the current NPPs have been in operation beyond their initial design lifespan. Furthermore, many countries are facing growing public opposition to NPP facilities after the Fukushima nuclear disaster in 2011. In response to mounting concerns over NPPs, nuclear regulatory authorities in many countries have tightened their maintenance and inspection standards for operational NPPs.
Conventionally the inspection of pipelines in NPPs is based on periodic nondestructive testing (NDT). NDT techniques are widely accepted by the nuclear industry, and many commercialized NDT products are available (ASTM Committee E07 2009, ISO Technical Committee ISO/TC 17 2011). However, NDT often requires a periodic overhaul of the whole NPP facility, reducing its power production efficiency. Furthermore, NDT needs to be performed by certified engineers, so inspection can be labor-intensive and time consuming. Another issue is that pipelines coated with insulation materials or buried underground cannot be easily accessed (Adams 2007) .
For these reasons, the nuclear industry has a keen interest in developing structural health monitoring (SHM) techniques as a vital supplement to the existing NDT techniques. Compared to NDT, SHM can provide the following potential benefits for NPP inspections: (1) automated and continuous monitoring; (2) reduction in overhaul frequency, cost and labor; (3) monitoring of hidden critical spots (Sohn et al 2004 , Inman 2001 ). However, SHM techniques require the permanent installation of distributed sensors that can tolerate the high temperature and radiation inside NPPs. In addition, SHM techniques are normally less accurate than NDT techniques in quantifying damage levels, and are vulnerable to false alarms induced by operational variations.
Among the various SHM techniques, ultrasonic techniques have gained prominence because of their long inspection range and responsiveness to small damage (Yang and Kundu 1998 , Kessler et al 2002 , Giurgiutiu 2008 . Piezoelectric materials are widely used for ultrasound generation and sensing, and wafer-type piezoceramic materials are particularly popular for SHM applications because of their lightweight and nonintrusive natures. However, the integrity of the piezoceramic materials and bonding layers can be compromised over time and under high temperature conditions such as those inside NPPs. Recently, piezoelectric transducers which can withstand high temperatures of up to 350-500°C have been developed (Zhang et al 2005 , Kobayashi et al 2009 , Shih et al 2010 . However, piezoelectric materials can still easily be crystallized and damaged under radiation exposure. Finally, long-range cablings of transducers installed on distributed pipes are susceptible to higher thermal noises, electro-magnetic interference and signal attenuation Ro 2004, Lee et al 2010) .
In order to overcome the limitations of piezoelectric transducers, laser ultrasound techniques have been explored (Saint-Pierre et al 1996 , Su et al 2006 . Previous applications of laser ultrasound have been focused on damage detection of metal and composite plate structures (Spicer et al 1990 , Pierce et al 1997 , Wu and Liu 1999 , Silva et al 2003 , Gao et al 2003 , Kim et al 2006 , Sohn et al 2011 . Several researchers have also applied laser ultrasound for damage detection of pipes by measuring pipe thickness and ultrasound velocity (Clorennec et al 2002 , Nishino et al 2004 , Yashiro et al 2008 , Lee and Lee 2009 . A laser ultrasound system tailored for NPPs has been developed using embeddable optical fibers and fixing devices, and it survived well in a high temperature environment . This system is optimized for the generation and sensing of guided waves, and the damage detection is limited to straight pipes.
The main objective of this study is to measure mechanical impedance (MI) by using a laser ultrasound system. An Nd:Yag pulse laser is used to generate ultrasound, and a laser vibrometer is used to measure the corresponding LMI. Optical fibers are used to transmit laser beams from the laser sources to target points. In addition, this study suggests an autonomous damage detection technique based on outlier analysis so that structural damage can be detected under changing temperature conditions. The feasibility of the proposed ultrasound system and LMI for detecting corrosion damage is verified through lab-scale experiments. The proposed study has the following uniqueness and advantages over the existing techniques: (a) the proposed laser ultrasound system does not require the attachment of contact-type transducers or adhesive materials to a target pipe surface; (b) it can measure mechanical impedance in a fully optical way independent of the electrical and mechanical characteristics of conventional piezoelectric transducers; and (c) it can be applied under high temperature and high radiation. This paper is organized as follows. First, the working principles of the LMI measurement and the formation of the LMI response are explained in section 2. Then, an autonomous damage detection technique, which can compensate for signal changes caused by temperature changes, is introduced in section 3. Corrosion diagnosis performed on an elbow pipe under changing temperature conditions is reported in section 5. Finally, this paper concludes with a summary and discussions in section 6. Figure 1 shows the overall schematic diagram of the proposed LMI measurement. The first step of the entire process is the generation of ultrasound ( figure 1(a) ). When a solid surface of a target structure is illuminated by a high-power pulse laser, a localized temperature gradient is formed on an infinitesimal area of the surface. The temperature gradient induces elastic expansion and compression over the illuminated area acting as an ultrasound source. Then, ultrasound can be generated on the target structure. Here, the laser duration, power level and beam size need to be carefully tuned and maintained to generate elastic waves without ablating the surface. Ablation typically occurs for metals with a power density above 8 · 10 7 W cm −2 for carbon steels, but this value varies depending on their material properties as well as surface conditions (Pierce et al 1998) .
Principles of LMI measurement
The principle of LMI formation is shown in figure 1(b). The generated ultrasound initially travels forward from the excitation point and is reflected back from the structural boundaries. Later, the superposition of these forwarding and reflected waves converges to structural vibration (i.e. LMI). The LMI response includes a structural vibration response in the frequency domain. Since this response has relatively highfrequency components, up to hundreds of kHz as is the case in EMI, it enables one to obtain vibration characteristics and their changes with respect to small-size damage (Park et al 2003 , Bhalla et al 2009 .
For the measurement of the LMI response, this study utilizes a laser Doppler vibrometer (figure 1(c)). The Doppler vibrometer uses a continuous wave (CW) laser as a power source. When the continuous laser beam is pointed at a vibrating object and scattered back from the vibrating object, the phase of the reflected laser beam is shifted with respect to the incident laser beam due to the Doppler effect. The frequency and phase modulation recovers the velocity information as well as the displacement from the phase shifting of the reflected laser beam (Kundu 2004 , Staszewski et al 2004 , Castellini et al 2006 . Since the laser vibrometer used in this study only measures the velocity component in an out-ofplane direction, the measured LMI responses contain only flexural vibration modes.
There has been a plethora of research work to simulate mechanical forces induced by the pulse laser beam. In previous papers, modeling of laser generated ultrasound has focused on simulating the laser source as a combination of mechanical stresses and boundary conditions (Scruby and Drain 1990) . This equivalent stress distribution can be represented as a point dilatation at the surface, and different approaches has been developed to derive more sophisticated expressions for laser-generated ultrasound. Several modeling cases include the epicentral waveform (Telschow and Conant 1990) , the surface acoustic waveform (Hurley et al 1998) , and the directivity pattern (Davies et al 1993, Bernstein and Spicer 2000) in a thermo-elastic regime.
Among the various mechanical models used in describing the laser-generated ultrasound, the analytical solution of LMI in this study is derived using a simple flexural vibration model. The laser-induced excitation force is modeled with a pair of dipole forces, and the analytical solution of the resulting flexural vibration is formulated. Figure 2 shows a schematic diagram for interaction between a pulse laser beam and a 1D beam structure. When a pulse laser beam with a beam diameter of l a is incident on a surface near x a , a laserinduced dipole force F L is generated on the surface. Here, F L generates an axial force N a and an excitation moment M a to the target structure. Then, a frequency response function (FRF), ω H ( ), for flexural vibration at a sensing point becomes (Inman 2001 , Giurgiutiu 2008 :
whereû is the amplitude of the out-of-plane velocity at x s ,F L is the amplitude of the dipole force at x a , X x ( ) n is the nth orthonormal flexural mode shape, ρ is the material density, A is the cross-sectional area of the beam structure, ξ is the damping ratio and ω is the angular velocity. For a simply supported beam with a length L, Young's modulus E and moment of inertia I = ( )
and ω n can be represented as follows.
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Outlier analysis
For the development of autonomous damage diagnosis, a damage index (DI) first needs to be identified. This study defines a damage index based on a maximum cross-correlation between two LMI response signals as shown in equation (3). The motivation for using the cross-correlation value is that the shape of the LMI signal changes with the presence of a structural defect while temperature variation mainly produces shifting of the LMI resonance peaks without shape changes.
are two distinctive LMI signals,X i is the mean of X i , σ X i is the standard deviation of X i , N is the total number of data points in X i and X j , and ω is the frequency shift. The DI value will be close to zero if the shapes of the two LMI signals are similar, but its value will increase and approach one if their shapes become different.
In field applications, temperature variations can also produce changes in the LMI signals and consequently increase the DI value. As mentioned previously, the proposed DI based on a correlation analysis alleviates the effect of temperature variations, but additional processing is still necessary to further minimize temperature-induced false alarms. Figure 3 shows a brief explanation of the proposed outlier analysis to diminish the temperature effect.
(1) Collect training data from varying temperature conditions of the intact structure. Because the DI value obtained for a damaged state often falls near the tail of the DI distribution, a general extreme value (GEV) distribution is used to describe the distribution of the DI as follows.
where f is the density function of the GEV distribution and μ, σ and ξ are the location, scale and shape parameters estimated from the data, respectively. Figure 4 shows the comparison between the cumulative density function (CDF) of DI values from the actual intact-state data and the analytical curve of the GEV distribution. The result confirms that the DI values are well subjected to the estimated GEV distribution. A goodness-of-fit test using the Kolmogorov-Smirnov (K-S) test is employed to test if the GEV distribution properly describes the characteristics of the DI values obtained from the intact conditions. A threshold corresponding to a one-sided 99.7% (3σ) confidence level is obtained. Figure 5 shows the overall configuration of the experimental setup. The test is designed to simulate the structural and operational conditions of a typical secondary coolant system in an NPP. The target specimen (figure 6) is a carbon steel and seamless-type pipe elbow (KS D 3562) commonly used for high-pressure piping systems in NPPs. The outer diameter of the pipe is 114.3 mm, and the wall thickness is 4 mm. The center-to-end distance of the pipe elbow is 152.4 mm, and the distance between the ultrasound generation and sensing points is 329.2 mm. A corrosion defect with increasing depths of 0.3 mm, 0.6 mm, 0.9 mm and 1.2 mm is introduced on the outer surface at the center of the pipe elbow using 50 mL of 7 mol sulfuric acid solution. At each corrosion stage, the LMI signals are obtained and the thickness at the corrosion area is measured using an ultrasonic thickness gauge (SC20, Picosonic). Training LMI signals are collected from 20°C to 300°C with a 20°C interval for the intact state, and test data from 50°C, 110°C, 170°C, 230°C and 290°C. By winding a strip-type band heater (GCTC-DP, Global Lab) around the pipe, the pipe temperature is controlled and the pipe surface temperature is measured by a thermocouple attached to the pipe specimen.
Experimental setup
As mentioned in the previous chapters, the excitation of the structural vibration response, LMI, is a key factor in the actual detection performance. The pipe elbow specimen used in this study is small and fairly well isolated so that excitation of the entire structure is relatively easy, resulting in global vibration responses. In real NPPs, the pipe elbow component will be attached to a further pipe network with fittings and internal flowing fluid. Therefore, further study is underway to experimentally validate the proposed system and technique using a small-scale NPP test bed. Figure 7 shows the configuration of the optical fiber guided ultrasound generation unit. First, the Nd:Yag pulse laser (Brilliant Ultra, Quantel) emits a 532 nm laser beam at a repetition rate of 20 Hz. The excitation energy per pulse is around 10 mJ, and the pulse duration is 8 ns. The power density is set to 0.75 MW cm −2 to avoid ablation on the surface. The laser intensity profile at the laser source follows a Gaussian distribution in the spatial domain, and this profile is converted to a flat top at the entrance of the optical fiber using Microlens arrays (Edmund, P64-478) to avoid fiber damage. Then, the laser beam passes through a convex lens (Thorlabs, LA1805-YAG) with a focal length of 50 mm before entering the SMA connector at the entrance of the optical fiber. A multimode optical fiber (Thorlabs, FT1000EMT) with a core diameter of 1000 μm is used for high-power laser transmission. The surface of the optical fiber is metal coated for longterm resistance for high-temperature and radiation conditions. The other end of the optical fiber on the specimen side has a metal tube made of stainless steel and aluminum. The main function of this metal tube is to minimize the heat transfer from the specimen to the SMA connector. Finally, the diameter of the laser beam becomes 7-8 mm on the surface. Figure 8 shows the configuration of the optical fiber guided ultrasound measurement unit. A phase-modulation fiber-coupled laser Doppler vibrometer (Polytec, OFV-551) is used for out-of-plane velocity measurements. This vibrometer has a He-Ne continual laser source with 633 nm wavelength, 15 W maximum power, and 16 μm beam size. Since the laser beam emitted from the laser vibrometer is less powerful than the pulse laser beam used for ultrasound generation, a single mode fiber with a core diameter of 10 μm is used for the laser beam transmission. This single mode fiber is made of a polarization maintaining (PM) fiber, which can reduce the power loss induced by the polarization direction. At the end of the optical fiber on the specimen side, a metal tube made of stainless steel and aluminum is installed similarly to the ultrasound generation unit. Here, a focusing lens with a focal length of 15 mm is inserted into the metal tube. Additionally, a KGI filter is placed at the vibrometer side to prevent the infrared heat radiation from entering the vibrometer sensor head.
There are additional issues that need to be considered for NPP applications. First, many pipes inside NPPs are covered with insulation materials to minimize the heat loss in the water flow system. The insulation materials used in NPPs are typically composed of two layers, and the thickness of each layer varies from 20 mm to 100 mm. For the ultrasound measurement of covered pipes, a stainless steel strip can be used to anchor the metal tubes of the optical fiber guided ultrasound units directly to a target pipe inside the insulation layers . The authors have demonstrated in previous research work that comparison of these two ultrasound signals with and without the insulation materials reveals only a marginal effect on the signal changes . Another consideration is radiation for primary cooling systems. Radiation hardening tests are performed using a Co-60 (364 000 Ci) source on the optical fiber systems used in this study. Figure 9 shows the gamma radiation facility at Korea Atomic Energy Research Institute (KAERI). A radiation dose rate of 20 kGy h −1 is used, and a total of 125 kGy, which is equivalent to a typical 10 year dose in an operating NPP, are exposed to the fibers. The experiments verified that there were neither changes in the signal waveforms nor damage to the fiber and only a little (1.28 dB) signal attenuation. shown in figure 9 (a). Considering the material properties used in this study, the velocities of the pressure (P) and shear (S) waves are 6311 m s −1 and 3070 m s
Experimental results
, respectively. The incident wave from the direct path between the signal generation and sensing points is well identified by using the arrival times of P and S waves. With the advent of subsequent waves from helical paths and reflections, superposition of these waves generates structural vibration responses (i.e. LMI) over the entire region of the structure as shown in figure 10(b) . The time duration of the transient wave propagation is much shorter compared with that of the structural vibration. The structural vibration response starts when the waves from the direct path are reflected at least twice at the edge boundaries (i.e. 0.83 ms) Figure 11 shows the variation of the LMI responses with respect to temperature. Each signal is normalized with respect to its maximum peak value within the frequency range. The LMI signals are measured at 100°C, 200°C and 300°C from the intact state. For a closer investigation, the LMI signals are zoomed in for the frequency range of 58-61 kHz in figure 11 . As the temperature increases, the peaks of the LMI responses are shifted to the left with little change of the shape.
Because significant response signal changes can be observed due to temperature even without any structural defects, an outlier analysis mentioned in the previous chapter needs to be taken for reliable damage diagnosis. There have been several different techniques to compensate for the signal changes induced by temperature variations. Baseline subtraction methods (Lu and Michaels 2005 , Konstantinidis et al 2006 , Croxford et al 2007 have identified structural damage by subtracting the test signal from the baseline signal after correcting the effect of temperature on the group velocities of specific wave modes. The baseline signals are measured at a varying range of temperatures and the baseline with the smallest error compared to the test signal is then selected. Figure 12 compares LMI responses obtained from the intact and two corrosion cases (0.6 mm and 1.2 mm deep corrosion) at 100°C. Each signal is also normalized with respect to its maximum peak value. Unlike for the previous temperature experiments, the distortions of the resonance peak shapes are observed. temperature conditions, and 11175 DI values (= 150 C 2 ) are computed. By fitting a GEV distribution to all DI values from the training data, the threshold corresponding to a one-sided 99.7% confidence interval is set to 0.15. Table 1 shows a list of test data sets obtained from varying temperatures (50°C, 110°C, 170°C, 230°C and 290°C) and damage conditions. The first 5 data sets (♯16-♯20) are obtained from the intact state, and an additional 20 data sets (♯21-♯40) from the increasing corrosion cases (the corrosion depths varied from 0.3 mm to 0.6 mm, 0.9 mm and 1.2 mm). Again, note that each data set in the table included 10 LMI signals obtained from the same condition. Figure 13 shows the damage diagnosis of the test data sets listed in table 1. The DI value for each data set is the average of 10 DI values obtained from 10 LMI signals in each data set. No false alarms are indicated for data sets ♯16-♯20. On the other hand, DI values for the corrosion cases increase far above the threshold value, indicating the presence of corrosion in the target specimen. The shape changes of LMI induced by the corrosion seem to increase the DI value more than those induced by temperature variations. However, the DI values do not monotonically increase as the corrosion progresses due to the complex nature of structural vibration (i.e. LMI) in a pipe elbow.
Conclusion
This study develops a fiber guided laser ultrasound system to generate and measure LMI responses for damage detection in NPP pipes, which are exposed to high temperature and radiation. Optical fibers with specially designed focusing lenses are used to deliver laser beams between the laser sources (i.e. an Nd:Yag pulse laser and CW laser) and a target structure. An Nd:Yag pulse laser shoots a broadband laser pulse and creates wave propagation. The initial wave propagation converges to structural vibration, which is equivalent to LMI. The LMI responses are obtained by measuring outof-plane velocity of the target structure using a laser vibrometer. The automated damage diagnosis is performed using an outlier analysis. Corrosion damage in an elbow pipe is successfully detected even under varying temperature conditions.
Several follow-up studies are warranted to improve the performance of the proposed technique. First, the proposed LMI technique is only applied to a single elbow pipe specimen in this study. Further studies are necessary to generalize the findings in this study to other complex structures such as welded pipes or T-joints. Also, only temperature variation is considered in the present study while the operational conditions of NPP pipes, such as ambient vibrations, pressure and fluid velocity inside the pipes, are also subject to change. 
